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Abstract
Switchgrass (Panicum virgatum), a summer perennial grass native to North America, is
currently being explored for its potential use in the production of biofuels. With these
interests, genetic manipulation of switchgrass to produce plants that are easier to digest,
have an increased resistance to diseases and stresses, and maintain viability longer in the
field are required. Therefore a reliable and efficient tissue culture system for the
transformation of switchgrass was developed. Current switchgrass tissue culture requires
months for regeneration of transformants with relatively poor transformation efficiencies
and are limited to derivatives of a single variety, Alamo. A tissue culture system has been
developed that utilizes a novel media, LP9, and has decreased time to the production of
whole transgenic plants and with an increased efficiency. LP9 is not an Murashige and
Skoog (MS)-based tissue culture system. It is comprised of both N6 macroelements and
B5 microelements with the auxin, 2,4-D and does not include any cytokinin. Callus can
be selected, after just 1 month on LP9 media and used for Agrobacterium tumefaciensmediated transformation or particle bombardment, and plants can be regenerated within 3
weeks. This system is unique to previously explored MS-based systems in that it is
conducive for the production of type II callus, which has been shown to produce higher
transformation efficiencies in other monocots. This procedure has increased the
transformation efficiency of switchgrass from to up to 4% reported in the literature to a
best case of 34% efficiency by selecting for this type II callus for transformation.
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1.

Literature Review

1.1

Switchgrass and its use in biofuel production

Switchgrass (Panicum virgatum L.) is a perennial C4 warm season grass that is native to
North America. Its use in biofuel production is attributed to its high biomass, wide
distribution, efficient use of nutrients and its ability to grow on marginal lands (Vogel
and Jung 2001). Switchgrass cell walls contain polyers such as cellulose and
hemicellulose that can be converted to ethanol by hydrolysis and fermentation. More
specifically, bioethanol can be converted to ethanol using the following two processes:
hydrolysis enzymatic or chemical of lignocellulosic biomass to reducing sugars and
subsequent fermentation of those sugars into ethanol (Hamelinck et al. 2005). Thus,
ethanol yield is related to the biomass and its composition and conversion of cellulose,
hemicellulose and sugar to ethanol (Vogel and Jung 2001; Hamelinck et al. 2005).
Biofuel production can be enhanced and costs reduced by modifying lignin, cellulose or
hemicelluose content found within the plant. These modifications can provide more
efficient hydrolysis and decrease the need for costly pre-treatment technologies (Boudet
et al. 2003; Hamelinck et al. 2005). Genetic modifications to the major enzymes
involved in lignin biosynthesis have been used to reduce lignin content in several plant
species. These major enzymes include C4H (Sewalt et al. 1997a), F5H (Marita et al.
1999), 4 CL (Kajita et al. 1996; Lee et al. 1997; Hu et al. 1999), CCR (Piquemal et al.
1998; Chabannes et al. 2001a), COMT (Ni et al. 1994; Bernard-Vailhe et al. 1996; Sewalt
et al. 1997b; Jouanin et al. 2000; Rae et al. 2001; Guo et al. 2001b; Chen et al. 2004) and
CAD (Lapierre et al. 1999; Chabannes et al. 2001a,b; Pilate et al. 2002; Chen et al. 2003).
1

Boudet et al. (2003) have demonstrated downstream polysaccharides of lignin-modified
transgenic plants can be more easily hydrolyzed and produce twice the proportion of
sugars. Since switchgrass is an obligate outcrosser, genetic transformation technologies
can be utilized to provide these modifications and enhance biofuel production, and thus,
efficient tissue culture and transformation systems must be created.

1.2

Embryogenic callus production in switchgrass

Two tissue culture systems have been described in switchgrass; those based on
inflorescence-derived callus (Alexandrova et al., 1996; Denchev and Conger, 1994, 1995;
Dutta Gupta and Conger, 1999; Xi et al. 2009) and seed-derived callus (Seo et al., 2008;
Dutta Gupta and Conger, 1998). Problems with the current switchgrass tissue culture
systems include embryo viability and increased genetic variation in seed-derived callus.
While interests in switchgrass tissue culture have increased, limited work has been
conducted to enhance these MS-based systems or provide new media systems for the
production of embryogenic callus in switchgrass.

Researchers have regenerated switchgrass plants from embryogenic callus produced from
inflorescence-derived callus (Alexandrova et al. 1996), seed-derived callus (Dutta Gupta
and Conger 1998; Seo et al. 2008; Seo et al. 2010), both seed- and inflorescence-derived
(Dechev and Conger 1994, 1995; Xi et al. 2009) and liquid suspension cultures from
young inflorescence (Dutta Gupta and Conger 1999). Alexandrova et al. (1996) found
that a higher percentage of nodes cultured on media with 6-Benzylaminopurine BAP
produced inflorescences than those on media without BAP. Further, panicles were more
2

compact and produced a higher amount of spikelets on media containing BAP. Spikelets
were able to produce nonembryogenic and embryogenic calli on MS-based media
supplemented with 22.5 µM 2,4-Dichlorophenoxyacetic acid (2,4-D) and 5.0 µM BAP
after culture of 4 wk in the dark (Alexandrova et al. 1996). 0 to 100 plant regenerates
were produced from a single spikelet (Alexandrova et al. 1996). Dutta Gupta and Conger
(1999) produced embryogenic cell suspension cultures initiated from embryogenic callus
produced from young inflorescences and were maintained in MS-media supplemented
with 9.0 µM 2,4-D, 4.4 µM BAP and 30 g l-1 maltose. Fully developed somatic embryos
were produced from the liquid suspension. Embryos from the liquid cultures germinated
to form plantlets with shoots and roots and were successfully established as plants in the
greenhouse .

For seed-derived embryogenic callus, highest frequency of callus induction was found on
MS media containing 4.0 µg l-1 2,4-D with 0.3% Gelrite with frequency varying among
genotypes of Panicum spp. (Seo et al. 2008) or maximum shoot differentiation using 4.5
µM 2,4-D and 18.2 µM Thidiazuron (TDZ) (Dutta Gupta and Conger 1998). Similar
results for callus initiation were found by Denchev and Conger (1995) using 11.3-45 µM
2,4-D and 15.0 or 45.0 µM benzyladenine (BA) with greater than 300 plants obtained
from embryogenic calli. Seo et al. (2008) found of the 24 genotypes of Panicum spp.
derived on MS media with 1.0 mg l-1 kinetin and 0.4% Gelrite, 6 genotypes were able to
regenerate plantlets . P. virgatum demonstrated a high germination frequency and callus
induction and produced a high frequency of green spot in callus culture, but had a low
shoot regeneration frequency (Seo et al. 2008). The callus morphology produced was
3

genotype dependent. Panicum. virgatum GR-59 and GR-61 were compact and yellow
whereas GR-63 was compact, non-friable and white (Seo et al. 2008). Seo et al. (2010)
optimized tissue culture conditions for plant regeneration of embryogenic callus derived
from seeds. Panicum. virgatum was able to regenerate from immature embryos and calli
derived from shoots, however, demonstrated a low ability to regenerate from mature
seed-derived callus (Seo et al. 2010). Denchev and Conger (1994) compared plantlet
regeneration from seeds and leaf explants and determined that MS media containing 22.5
µM 2,4-D and 45 µM BAP for seed and 22.5 µM 2,4-D and 5.0 µM BAP for leaf
explants produced the highest regenerated plantlets.

In spite of the differences in hormones and other constituents, all of these methods are
similar in that they utilize MS-based media and have not optimized tissue culture using
any other media system. Therefore, it would be prudent to try to produce a novel system
with media adaptable from other plant tissue culture systems; especially appropriate is the
basal media that has been effective in grasses.

1.3

Callus types produced in monocotyledonous species

Callus in grasses can be classified as type I or type II, based upon color, texture,
regeneration system, and the amount of time required for callus initiation. The
morphology of callus has been reported and described in the monocotyledonous crops
such as maize (Lu et al., 1982; Armstrong and Green, 1985; McCain et al., 1988;
Songstad et al., 1992; Welter et al., 1995; Frame et al., 2000; Assem, 2001), rice (Chen et
al., 1985; Nakamura and Maeda, 1989; Rueb et al., 1994), sorghum (Jeoung et al., 2002),
4

sugarcane (Guiderdoni and Demarly, 1988), wheat (Redway et al., 1990) and various
non-food grasses (Bajaj et al., 1981; Lu and Vasil, 1981 a,b; Lu and Vasil, 1985;
Chaudhury and Qu, 2000; Zhang et al., 2007). Type I callus is the common and most
prevalent callus formed in monocot species and is characterized by compact form, slowgrowth, white to light yellow in color and highly organized (Vasil and Vasil, 1994). This
callus is composed almost entirely of cytoplasmic meristematic cells that lack large
vacuoles. In maize, a limitation of type I callus is that it can only be maintained for a few
months and cannot be used in suspension cultures whereas type II callus can be
maintained in culture for extended periods of time and is able to form cell suspensions
(Armstrong and Green, 1985; Vasil and Vasil, 1986; Vasil and Vasil, 1994). Type II
callus derived from maize has been described as soft, friable, rapidly growing, and
exceedingly regenerative. However, type II callus is typically formed at lower
frequencies than type I callus (Vasil et al., 1984; Armstrong and Green, 1985; Vasil and
Vasil, 1986; Vasil and Vasil, 1994). Switchgrass callus described to date has all been
type I (Fig. 1 B). In this thesis, I describe a novel non-Murashige and Skoog (MS)-based
media, LP9, and culture conditions that results in the production of type II callus in
switchgrass that can be useful for the production of transgenic plants (Fig. 1 A).

5

1.4

Current methods of and factors affecting switchgrass

transformation
1.4.1

Introduction

Transgenic approaches allow for the development of traits relating to the enhancement of
biofuel production. Prior to our current work, only four reports of stable transformation
of swichgrass have been published, including use of particle bombardment (Richards et
al. 2001) and Agrobacterium-mediated transformation of calli (Somleva et al. 2002;
Somleva et al. 2008; Xi et al. 2009). The two methods of transformation that have been
used to transform switchgrass to date—particle bombardment and Agrobacterium
tumefaciens infection—are described here as well as their reports of transformation
efficiencies and the factors affecting transformation efficiencies reported in the literature.

1.4.2

Particle bombardment or biolistics

In this method, metal particles, gold or tungsten, are coated with plasmid harboring the
promoter and gene of interest into plant tissue, such as callus, utilizing a particle inflow
gun to produce transgenic plants (Sanford 1988; Christou 1992). This method has been
used for the production of transgenic plants from embryogenic cells in creeping
bentgrass (Hartman et al. 1994; Zhong et al. 1994; Xiao and Ha 1997; Dai et al. 2003;
Guo et al. 2003), tall fescue (Spangenberg et al. 1995b; Cho et al. 2000; Wang et al.
2001b, 2003a; Chen et al. 2003, 2004), red fescue (Spangenberg et al. 1995b, 1998;
Altpeter and Xu 2000; Cho et al. 2000), ryegrass (Spangenberg et al. 1995c; Dalton et al.
1999; Altpeter et al. 2000; Xu et al. 2001; Petrovska et al. 2004; Chen et al. 2005),
orchardgrass (Denchev et al. 1997; Cho et al. 2001), wimmera grass (Bhalla et al. 1999),
6

Kentucky bentgrass (Ha et al. 2001), bahiagrass (Smith et al. 2002; Gondo et al. 2005),
blue grama grass (Aguado-Santacruz et al. 2002), bermudagrass (Zhang et al. 2003;
Goldman et al. 2004; Li and Qu 2004), colonial bentgrass (Chai et al. 2004) and Russian
wildrye (Wang et al. 2004a).

The first report of genetic transformation of switchgrass was performed using particle
bombardment (Richards et al. 2001). They used tungsten particles coated with a duel
marker plasmid harboring gfp driven by the rice actin promoter and bar selected using
Basta driven by the maize ubiquitin promoter. Following bombardment of inflorescencederived embryogenic callus, a hundred plants were found resistant to Basta and were
confirmed transgenic using Southern blot analysis (Richards et al. 2001). A total of 97
transgenic plants were obtained from 2430 explants, giving a transformation efficiency of
approximately 3.9% (Richards et al. 2001).

1.4.3

Agrobacterium-mediated transformation

Agrobacterium tumefaciens mediated transformation, a Gram-negative soil borne
bacterium, is the most widely used method to introduce foreign genes into plant cells and
in the subsequent creation of transgenic plants. Stable Agrobacterium transformation
requires stable integration of a copy of the bacterium’s T-DNA into the plant genome.
Agrobacterium infiltration has been utilized as a means of transformation in a wide range
of dicotyledonous species—tobacco (Rossi et al. 1993;Yang et al. 2000), Arabidopsis
(McIntosh et al. 2004), as well as many monocotyledonous species—rice (Hiei et al.
1994; Cheng et al. 1998; Raineri et al. 1990), wheat (Cheng et al. 1997), maize (Ishida et
7

al. 1996), barley (Tingay et al. 1997), rye (Popelka and Altpeter 2003), forage grasses
(Somleva et al. 2002; Bettany et al. 2003;Yu et al. 2000), sorghum (Zhao et al. 2000),
sugarcane (Enriquez-Obregon et al. 1998; Arencibia et al. 1998) and switchgrass
(Somleva et al. 2002; Somleva et al. 2008; Xi et al. 2009).

Stable integration and gene expression using Agrobacterium-mediated transformation of
somatic embryos collected from embryogenic calluses of ‘Alamo’ switchgrass has been
demonstrated using the Agrobacterium strain AGL1 harboring the binary vector pDM805
(Somleva et al. 2002). Somleva et al. (2002) produced 600 transgenic plants with 90% of
the plants containing one to two copies of the gene. although Somleva et al. (2002)
calculated their transformation efficiency to be between 0 and 100%, this calculation
appears flawed since they produced more transgenic plants than explants used, therefore
it appears that there were multiple transgenic events per explant. Somleva et al. (2008)
confirmed that 27 transgenic events were recovered from 794 callus clusters exposed to
Agrobacterium, indicating a 3.4% transformation efficiency.

Xi et al. (2009) added CuSO4, casamino acid and proline to SM5 medium and did not
observe an improvement in embryogenic callus production from inflorescences. For
stable transformations, hygromycin selection was used and calli were obtained 5 to 8 wk
after infection with EHA105 harboring the binary vectors pCAMBIA1301 and
pCAMBIA1305.2 (Xi et al. 2009). Xi et al. (2009) confirmed that they obtained
transgenic plants, but did not report the number of transgenics or the transformation
efficiency obtained using their system.
8

1.4.4

Factors influencing Agrobacterium-mediated transformation

Factors affecting Agrobacterium-mediated transformation have been reviewed by Hiei et
al. (1997) and Cheng et al. (2004) and they determined the five most important factors
involved in rice and maize transformation efficiency were genotype, plasmids and strains
of Agrobacterium, culture conditions, induction of vir genes and cell division at the sites
of infection. These factors, along with specific factors relating to switchgrass
transformation, are discussed here.

Differing genotypes very in their susceptiblty to Agrobacterium infection (Cheng et al.
2004). For example, transformation efficiencies reported among genotypes differ,
indicating a difference in Agrobacterium’s ability to delivery its T-DNA and may depend
upon the tissue type of each plant (Cheng et al. 2004). Further, some plants may have
mechanisms that allow for a greater ability to recover from co-cultivation with the
bacteria.

Some Agrobacterium strains display increased virulence and may provide a greater
ability for infecting plant cells (Cheng et al. 2004). For example, the strain of bacteria
may be supervirulent or the binary vector contained within the bacteria may have extra
copies of virB, virC and virG, increasing the bacteria’s potential for infection (Cheng et
al. 2004). According to Cheng et al. (2004), Agrobacterium-mediated transformation of
monocots has only been successful using three different strains, LBA4404, disarmed
C58, and EHA101 or its derivatives (EHA105, AGL0 and AGL1).
9

Several factors during pretreatment, inoculation and co-culture could increase
transformation using Agrobacterium. These factors can include the use of antinecrotic
treatments, osmotic treatments, desiccation, temperature, surfactants, inoculation and coculture medium, antibiotics, and starting density of Agrobacterium. Cheng et al. (2004)
have reviewed a large number of culture conditions that contribute to the transformation
of monocot species. For example, the use of antinecrotic pretreatments, such as ascorbic
acid, cysteine or silver nitrate, have shown to aid transformation by causing a reduction in
oxidative burst (Enriquez-Obregon et al. 1998). Silver nitrate has shown a significant
reduction in Agrobacterium growth during co-culture, but does not inhibit the delivery of
T-DNA into the plant cells (Cheng et al. 2004).

Odjakova and Conger (1999) examined osmotic pretreatment and inoculum age on the
initiation and regeneration ability of switchgrass suspension cultures. Cultures initiated
from 10 d inoculum produced a greater embryogenic initiation or induction than those
from 20 d or 30 d old inoculum. Further, a larger amount of embryos with a higher
regeneration frequency were produced using 0.3 M sorbitol or mannitol osmotic
pretreatment as compared to 0.1 M or 0.2 M of each.

A significant factor shown to enhance transformation is through the use of desiccation of
explants before or after Agrobacterium infection (Cheng et al. 2004). T-DNA delivery
has been shown to improve with desiccation in sugarcane (Arencibia et al. 1998) and rice
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(Urushibara et al. 2001) suspension cultures and may relate to the suppression of
Agrobacterium growth (Cheng et al. 2004).

The optimum temperature for T-DNA delivery in tobacco was found to be 22 °C;
however, co-culture at 25 °C produced the greatest number of transformed plants (Dillen
et al. 1997; Salas et al. 2001), indicating the optimal temperature for T-DNA delivery
may not be the optimal temperature for the highest transformation efficiency and may be
species dependent (Salas et al. 2001) while Agrobacterium growth is best at 28 °C. Coculture temperatures range between 24 to 28 °C for monocot species (Rashid et al. 1996;
Arencibia et al. 1998; Enriquez-Obregon et al. 1998; Hashizume et al. 1999). Further,
the use of surfactants such as Silwet L77 has shown to increase T-DNA delivery in wheat
(Cheng et al. 1997). When 0.1% Tween 20 was added to the inoculation medium, TDNA delivery doubled (Cheng et al. 1997).

Components within the inoculation and co-culture medium have shown to be important in
transformation. These include sugar, plant growth regulators, and virulence inducers
(Cheng et al. 2004). Decreasing salts strength in inoculation and co-culture media
enhance transformation in Brassica (Fry et al. 1987) as well as wheat (Cheng et al. 1997)
and maize (Armstrong and Rout 2001; Zhang et al. 2003). Acetosyringone has been used
for vir induction and is commonly used in monocot transformations (Hiei et al. 1994;
Ishida et al. 1996; Cheng et al. 1997; Tingay et al. 1997; Zhao et al. 2000). Omitting
acetosyringone has shown to decrease transformation in rice and onion (Rashid et al.
1996; Hiei et al. 1997; Zheng et al. 2001).
11

The optimal density of Agrobacterium for rice is between 1 x 106 and 1 x1010 CFU ml-1
(Hiei et al. 1994). Levels higher than this can damage plant cells and result in lower
transformation efficiency (Cheng et al. 2004). Protocols should be optimized for each
plant species to determine best conditions for highest transformation efficiencies.

Additionally, an important factor in Agrobacterium-mediated transformation of
switchgrass is the choice of explant (Xi et al. 2009). The most common explant sources
are from seeds or inflorescences. Explant sources derived from seeds can be problematic
due to the potential of individual seeds representing different genotypes that can occur as
a result of the obligate outcrosssing nature of switchgrass (Spangenberg et al. 1995).
However, by using inflorescences, these genotypic effects can be reduced (Xi et al.
2009).
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2.

An improved tissue culture system for embryogenic callus

production and plant regeneration in switchgrass (Panicum virgatum L.)
This article has been published in Bioenergy Research (2009) 2:247-274. I developed
and performed all the research relating to tissue culture and transformation of switchgrass
as well as determining the applicable rate of hygromycin. I wrote the article in its
entirety. D. Mann developed and constructed the vectors used in transformations, B.
Joyce conducted and provided the SEM images, and C. Neal Stewart, Jr. oversaw the
work and revised the manuscript.

2.1

Abstract

The increased emphasis on research of dedicated biomass and biofuels crops begs for
biotechnology method improvements. For switchgrass (Panicum virgatum L.) one
limitation is inefficient tissue culture and transformation systems. The objectives of this
study were to investigate the utility of a new medium described here, LP9, for the
production and maintenance of switchgrass callus and its regeneration, which also
enables genetic transformation. LP9 medium is not based on Murashige and Skoog (MS)
medium, the basal medium that all published switchgrass transformation has been
performed. We demonstrate an efficient tissue culture system for switchgrass Alamo 2,
which yields increased viability of callus and the ability to maintain callus for a duration
of over six months. This longevity gives a greater useful callus lifetime than for
published switchgrass MS-based media. This increased longevity enables greater
potential efficiency and throughput for a transformation pipeline. Callus produced on
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LP9 is categorized as type II callus, which is more friable and easier to multiply, maintain
and transfer than type I callus obtained from previously described tissue culture systems.

2.2

Introduction

Increasing interest in the production of biofuels has warranted research in the production
and genetic manipulation of high biomass crops such as switchgrass (Panicum virgatum
L.), a warm-season perennial grass native to North America. With this increased interest,
it is necessary to develop higher throughput transformation systems that are enabled by
an efficient and reliable tissue culture system for target tissue production and plant
regeneration. Stable transformation, in turn, enables the reverse genetics research for cell
wall manipulation and plant growth improvement. Current switchgrass tissue culture and
transformation systems are not very efficient and limited to derivatives of a single
variety: Alamo. There are currently two described tissue culture systems in switchgrass:
embryogenic callus (Alexandrova et al., 1996a,b; Denchev and Conger, 1994, 1995;
Dutta Gupta and Conger, 1999) and seed-derived callus (Seo et al., 2008; Dutta Gupta
and Conger, 1998). Limitations of these systems include longevity of embryo viability
(typically, less than 2 months) and high genetic- and response-variability in the seedderived system. Despite the increased interest in switchgrass tissue culture, there has been
little recent progress to enhance switchgrass tissue culture systems.
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Callus in grasses can be classified as Type I or Type II, based upon color, texture,
regeneration system, and the amount of time required for callus initiation. The
morphology of callus has been reported and described in the important agronomic
monocot crops such as maize (Lu et al., 1982; Armstrong and Green, 1985; McCain et
al., 1988; Songstad et al., 1992; Welter et al., 1995; Frame et al., 2000; Assem, 2001),
rice (Chen et al., 1985; Nakamura and Maeda, 1989; Rueb et al., 1994), sorghum (Jeoung
et al., 2002), sugarcane (Guiderdoni and Demarly, 1988), wheat (Redway et al., 1990)
and various non-food grasses (Bajaj et al., 1981; Lu and Vasil, 1981 a,b; Lu and Vasil,
1985; Chaudhury and Qu, 2000; Zhang et al., 2007). Type I callus is the typical and most
prevalent callus formed in monocot species. It is characterized by compact form, slowgrowth, white to light yellow in color and highly organized (Vasil and Vasil, 1994). This
callus is composed almost entirely of cytoplasmic meristematic cells that lack large
vacuoles. In maize, Type I callus can only be maintained for only a few months and
cannot be used in suspension cultures whereas Type II callus can be maintained in culture
for extended periods of time and is able to form cell suspensions (Armstrong and Green,
1985; Vasil and Vasil, 1986; Vasil and Vasil, 1994). Type II callus derived from maize
has been described as soft, friable, rapidly growing, and exceedingly regenerative, but is
typically formed at lower frequencies than Type I callus (Vasil et al., 1984; Armstrong
and Green, 1985; Vasil and Vasil, 1986; Vasil and Vasil, 1994). Switchgrass callus
described to date has all been of Type I. In this study we describe a novel non-Murashige
and Skoog (MS)-based media and culture conditions that results in the production of
Type II callus in switchgrass that can be useful for the production of transgenic plants
(Figs.2-3).
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2.3

Methods

2.3.1

Callus induction, maintenance and plant regeneration

Switchgrass Alamo 2 tillers grown in the greenhouse were excised from plants at the E2
to E4 stage (Moore et al., 1991). Inflorescences were cut 7 mm above the 4th node
(Alexandrova et al., 1996a). Pieces of inflorescence were then sterilized for 35 minutes in
75% commercial bleach containing 1% Tween 20. Inflorescences were subsequently
washed with sterile water three times. Ends were then removed and discarded and
inflorescences were cut longitudinally in half and placed on MS + benzyladenine (BA) as
performed previously (Alexandrova et al., 1996a). It is at this point in our protocol that
we have diverged from previous tissue culture methodologies of embryogenic callus
production (Alexandrova et al., 1996a) to produce friable Type II callus.

After 10 days on MSO + BA, inflorescences were removed from the media and placed
into a sterile Petri dish, further cut into 1 cm-long segments and placed onto LP9, a new
callus induction media modified from the callus induction medium by Lu et al. (2006).
This media by Lu et al. (2006) was altered by adding the auxin 2,4dichlorophenoxyacetic acid (2,4-D) (25 mg l-1) in place of dicamba, removing BA and
myo-inositol from the media, and decreasing the amount of proline from 500 mg l-1 to
100 mg l-1. These determinations were made after informal experimentation with
switchgrass (data not shown). After 14 days on LP9, callus developed (Fig. 4B). Callus
was then excised from the explants and cultured further on fresh LP9.
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2.3.2

Antibiotic selection

Callus production under hygromycin selection was performed to determine optimal
selection rates that can be used for genetic transformation. Four concentrations of
hygromycin B (0, 50, 60 and 70 mg l-1) (Calbiochem, Gibbstown, NJ) in LP9 (25 mg l-1
2,4-D, 100 mg proline, N6 macroelements, B5 microelements, Fe-EDTA, supplemented
with Gamborg’s vitamins, 500 mg l-1 casein hydrolysates, 500 mg l-1 glutamine, 30 g l-1
sucrose, 3 g l-1 Gelzan) (Lu et al., 2006) were used to determine kill curves for 6
replicated plates for each treatment containing 20 explants per plate. Growth was
assessed by weighing fresh callus pieces at days 0 and 60. Subculturing was performed at
3 week intervals. Data were analyzed by analysis of variance (ANOVA) using the
general linear model (SAS 9.2, Cary, NC). Duncan’s Multiple Range test was used to
compare treatment mean values when significant differences (at the 0.05 probability
level) were found.

2.3.3

Vector construction

The binary vector contained a red fluorescent protein (pporRFP from the coral Porites
porites) gene under the control of the maize ubiquitin (ZmUbi1) promoter and the
selectable marker gene encoding hygromycin phosphotransferase (hph) that was under
the control of the rice actin 1 (OsAct1) promoter. The ZmUbi1 promoter from the
pAHC25 plasmid (Christensen and Quail, 1996) was PCR amplified and cloned into
pCR4B-TOPO (Invitrogen, Carlsbad, CA). The pEarleyGate 304 plasmid contains the
Gateway compatible cassette attR1-CmR-ccdB-attR2 coupled with an AcV5 epitope and
the OCS terminator (Earley et al., 2006). This cassette was PCR amplified and cloned
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directly downstream of the ZmUbi1 promoter in pCR4B-TOPO. To confer resistance to
hygromycin, a cassette containing the OsAct1 promoter and hph gene was cloned
upstream of the ZmUbi1- attR1-CmR-ccdB-attR2 cassette in pCR4B-TOPO. The OsAct1hph and ZmUbi1- attR1-CmR-ccdB-attR2 cassettes were excised with SbfI and AscI and
gel purified with QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The pPZP201BK
binary backbone (Covert et al., 2001) was digested with PstI and AscI, purified with the
QIAquick PCR Purification Kit (Qiagen) and ligated with the OsAct1-hph and ZmUbi1attR1-CmR-ccdB-attR2 cassettes. The pporRFP gene (Alieva et al., 2008) was kindly
provided by Dr. Mikhail Matz and was cloned into pCR8/GW/TOPO and recombined
into the expression vector using Gateway® LR Clonase® II enzyme mix (Invitrogen).
All amplified regions and resulting plasmids were sequence verified at the University of
Tennessee Molecular Biology Resource Facility (UT-MBRF).

2.3.4

Agrobacterium-mediated transformation

Transformations were conducted using Agrobacterium tumefaciens strain EHA105
containing pporRFP. Agrobacterium were grown in LB supplemented with 50 mg l-1
kanamycin at 27 °C for 2 d. Cultures were centrifuged at 4000 rpm for 30 min.
Supernatant was removed and Agrobacterium was resuspended in 25 ml of liquid LP9,
100 µM of acetosyrinegone and 10 µl of Silwet. Agrobacterium solution was then
shaken at 150 rpm at room temperature for 30 min. Callus pieces, 0.5 cm, were placed in
the Agrobacterium solution and incubated at room temperature under 26 inHg vacuum
for 30 min. Callus pieces were then co-incubated on LP9 for 3 d. Callus pieces were
placed in liquid LP9 + 400 mg l-1 timetin and vortexed to remove excess Agrobacterium
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growth. Callus pieces were placed on LP9 + 60 mg l-1 hygromycin + 400 mg l-1 timetin.
Callus were transferred to new LP9 media + antibiotics every two weeks until transgenic
callus forms and has grown to 0.5 cm. Callus were then placed on MSO + 5 µM BAP +
60 mg l-1 hygromycin + 400 mg l-1 timetin. Shoots were formed after 14 d and were
placed onto MSO to root.

2.3.5

Histology

Scanning electron microscopy (SEM) was performed whereby tissues (5 wk) were fixed
in 3% (v/v) glutaraldehyde and 0.1 M cacodylate buffer. Samples were then rinsed three
times (10 minutes each) in cacodylate buffer and subsequently post-fixed in cacodylate
buffered 2 % osmium tetroxide for 90 minutes and subsequently dehydrated in acetone in
series (25%, 50%, 75%, 90%, 100%, and dry 100%). Following acetone dehydration, the
samples were critical point dried with liquid carbon dioxide (Ladd Research Industries
Critical Point Dryer). Dried samples were stored under vacuum until viewing. Five calli
were affixed to two-sided carbon tape on a stub and sputtered with gold (SPI Sputter
coater) prior to viewing with SEM. Samples were observed with a LEO (Zeiss) 1525 FESEM.

2.4

Results

2.4.1

Callus induction, maintenance and plant regeneration

LP9 medium produced stable Type II friable callus (Fig. 4B) for switchgrass Alamo 2
that is morphologically and functionally unique compared with that from previous
research (Fig. 4A,D) (Alexandrova et al., 1996a). Callus produced from this media is
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brittle and white (Fig. 4B,C) which allowed for easy multiplication and transfer, and less
“artistic judgment” to select callus that will subsequently proliferate. This morphology is
consistent with descriptions of Type II callus previously shown in maize (Armstrong and
Green, 1985; Songstad et al., 1992; Frame et al., 2000). Callus forms quickly, after 2
weeks, on LP9 media from inflorescent explants on 100 % of inflorescent explants,
which is similar to that achieved from the published methods (Alexandrova et al., 1996a).
Callus can easily be removed from the cut explants and placed onto fresh media, forming
Type II callus, which proliferated at an efficiency of 33%; i.e., approximately 67% of the
callus is type I. Once formed, type II callus was transferred every 3 weeks until it was
used for transformation experiments or plant regeneration. Callus induced from LP9
media has demonstrated longevity in our laboratory, thus far, for over 6 month compared
with embryogenic callus derived from MS + 2,4-D + 6-benzylaminopurine (BAP) that
tends to become unresponsive after 3-4 months (Fig. 4E,F) (Alexandrova et al., 1996a;
data not shown). In practice, since callus can be divided and utilized for longer than 6
months, a genetic transformation pipeline is potentially much more efficient and faster
since new explants are not needed as frequently (Fig. 4F). After 1 month on LP9, callus
can be selected and used for Agrobacterium tumefaciens-mediated transformation or
particle bombardment, and plants begin to be regenerated within 3 weeks of callus
initiation.

Shoots were readily produced in 2 weeks after placement onto MS medium containing 5
µM BAP (Alexandrova et al., 1996a) (Fig. 4G). Once shoots were produced, individual
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shoots were separated from the clump and placed into MS in Magenta GA7 boxes and
rooting occurred in about 2 weeks (Fig. 4H).

2.4.2

Transformation

Five independent transgenic events originating from separate callus pieces were obtained
using this method from 113 callus clusters exposed to Agrobacterium, i.e., 4.4%
transformation efficiency. However, these 113 callus clusters consisted for type I and
type II (approximately half of each), but only type II callus yielded transgenic plants;
therefore, this transformation efficiency can likely be increased by selecting only type II
callus for transformation experiments. These results are comparable to published
efficiency from prior methods. Somleva et al. (2008) confirmed that 27 transgenic events
were recovered from 794 callus clusters exposed to Agrobacterium, i.e., 3.4% efficiency.
Entire plant expression of pporRFP was visualized using the lowest power of an
epiflourescence dissecting microscope excited with 535/30 nm light and emissions filter
600/50 nm exposed for 15 seconds (Fig. 2-3). PporRFP has an excitation maximum of
578 nm and an excitation maximum of 595 nm (Alieva et al. 2008) and gives bright
fluorescence in transgenic plants (Fig. 2-3).

2.4.3

Antibiotic selection

After 2 months on selection, fresh weights were found to be significantly different among
hygromycin concentrations (P<0.05) (Fig. 5). Fresh weights obtained from calli grown
on selection with 60 mg l-1 hygromycin was not significantly different from those grown
on 70 mg l-1 hygromycin selection (P<0.05), but these were much less than those grown
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on 50 mg l-1 hygromycin (Fig. 5). Thus, the apparent optimal concentration for
subsequent selection of transgenic calli was determined to be 60 mg l-1 hygromycin.

2.4.4

Histology

A scanning electron micrograph of callus produced on LP9 (Fig. 6) shows clusters of
somatic embryos that are found as protrusions along the leftmost surface. Various
morphologies were observed in this Type II callus produced on LP9 (Fig. 6). These
morphologies include irregular surfaces with globular, unorganized tissue types. Tissues
of this type have demonstrated to have rapid growth and be highly friable.

2.5

Discussion

Recent progress to improve switchgrass tissue culture systems and transformation has
been limited. Previous tissue culture systems for switchgrass have manipulated various
auxins and cytokinins in an MS-based system (Denchev and Conger, 1994; Denchev and
Conger, 1995; Dutta Gupta and Conger, 1998; Dutta Gupta and Conger, 1999). Plant
regeneration by both somatic embryogenesis and organogenesis occurred from both
mature caryopses and young leaf segments of switchgrass Alamo at 45 µM and 5 µM
BAP respectively in combination with 22.5 µM 2,4-D (Denchev and Conger, 1994).
Denchev and Conger (1995) examined the influence of type and concentration of two
auxins, 2,4-D and picloram, in combination with the cytokinin, BA, on callus induction
and regeneration in switchgrass Alamo mature caryopses and determined that 11.3-45.0
µM 2,4-D in combination with 15.0 or 45.0 µM BA produced optimal results. Various
combinations of 2,4-D and another cytokinin, thidiazuron, (TDZ) have also been
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researched for their ability to produce a highly regenerative tissue culture system in
switchgrass cv Alamo (Dutta Gupta and Conger, 1998). The best combination was
determined to be 4.5 µM 2,4-D and 18.2 µM TDZ (Dutta Gupta and Conger 1998).
Dutta Gupta and Conger (1999) were able to establish embryogenic cell suspension
cultures of switchgrass when MS media were supplemented with 9.0 µM 2,4-D and 4.4
µM BAP. However, tissue culture systems using MS in combination with 2,4-D and
various cytokinins produced a callus that was hard, white and compact at the coleptilar or
scutellar stage of embryogeneis and therefore is classified as Type I callus (Schaeffer,
1990; Denchev and Conger, 1994; Dutta Gupta and Conger, 1999).

LP9 is not an MS-based tissue culture system, but rather combines N6 macroelements and
B5 microelements with the auxin, 2,4-D. It does not include any cytokinin. This system
is novel to callus production and plant regeneration in switchgrass. Lu et al. (2006)
utilized similar components for bermudagrass tissue culture, but their protocol did not
result in friable callus with Type II characteristics. However, we have demonstrated LP9
produces Type II switchgrass callus that is highly friable and has increased longevity
compared with prior media. Most maize tissue culture systems that produce Type II
callus demonstrating friability and increased longevity utilize N6 macroelements as their
media base (Armstrong and Green, 1985; Songstad et al., 1992; Frame et al., 2000).
However, we are the first to examine the callus induction and plant regeneration using N6
macroelements combined with B5 microelements in switchgrass tissue culture.
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Armstrong and Green (1985) found that the addition of L-proline to N6 media produced a
friable, Type II callus from immature maize embryos, and further concluded that proline
might function to protect the cultures from various stresses. Interestingly, the addition of
L-proline to MS media did not enhance formation of somatic embryos in maize
(Armstrong and Green, 1985).

LP9 supplemented with hygromycin (60 mg l-1) can be used to select for transformants
similarly to those selected using bialaphos (10 mg l-1) in an MS-based system (Richards
et al., 2001; Somleva et al., 2002).

Here, we have demonstrated an improved tissue culture system for switchgrass Alamo 2
that features a friable, fast-growing callus derived from inflorescences that can be
classified as Type II callus using our new media, LP9. Callus produced on LP9
demonstrates increased viability and can be maintained for longer periods of time (greater
than 6 mo), enabling use in transformations without having to regenerate callus from new
tillers. This enhanced maintenance and regeneration reduces the time needed to produce
whole transgenic plants by at least 1 month. In addition, type II callus is easily
recognized by its friable and dry appearance and lighter color, which can be chosen
without the aid of a microscope for subsequent proliferation. Further work needs to be
done to compare transformation efficiencies of switchgrass callus produced on LP9 to
those produced on media in the current literature as well as examine genotype specificity.
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3.

Increased efficiency and high-throughput in

Agrobacterium-mediated transformation of switchgrass
3.1

Abstract

Embryogenic callus, derived from immature embryos of ST1, were transformed with
Agrobacterium tumefaciens strain EHA105 harboring the pporRFP plasmid driven by the
maize ubiquitin promoter. On average, 21% of day-old calli co-inoculated with
Agrobacterium regenerated stable transgenic plants. Stable transformation frequencies of
up to 34%,were observed. In a study of 18 transgenic lines transformed with pporRFP,
all of the regenerated transgenic lines expressed RFP. Southern blot analysis from the
results in Chapter 2 (4% transformation) showed that the transgenic plants contained
multiple T-DNA inserts. Here we have verified the use of a novel culture media, LP9, for
the stable transformation of switchgrass with transformation efficiencies higher than
those currently found in the literature.
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3.2

Introduction

Agrobacterium tumefaciens, a Gram-negative soil-borne bacterium, is the most widely
used method to introduce foreign genes into plant cells and in the subsequent creation of
transgenic plants. Stable Agrobacterium transformation requires stable integration of a
copy of the bacterium’s T-DNA into the plant genome. Agrobacterium infiltration has
been utilized as a means of transformation in a wide range of dicotyledonous species—
tobacco (Rossi et al. 1993;Yang et al. 2000), Arabidopsis (McIntosh et al. 2004), as well
as many monocotyledonous species—rice (Hiei et al. 1994; Cheng et al. 1998; Raineri et
al. 1990), wheat (Cheng et al. 1997), maize (Ishida et al. 1996), barley (Tingay et al.
1997), rye (Popelka and Altpeter 2003), forage grasses (Somleva et al. 2002; Bettany et
al. 2003;Yu et al. 2000), sorghum (Zhao et al. 2000), sugarcane (Enriquez-Obregon et al.
1998; Arencibia et al. 1998) and switchgrass (Somleva et al. 2002; Somleva et al. 2008;
Xi et al. 2009).

Current switchgrass tissue culture requires months for regeneration of transformants with
relatively poor transformation efficiencies and are limited to derivatives of a single
variety, Alamo. While these systems appear reliable and reproducible, it was desirable to
demonstrate the validity of a new tissue culture system that may increase transformation
efficiency and decrease time to recover whole transgenic plants.
Here the efficiency of Agrobacterium-mediated transformation of type I and type II callus
produced was determined using a novel tissue culture system found ideal for switchgrass
(Burris et al. 2009). Previously, it was reported that transformation efficiencies were
26

obtained that were equivalent to those found in the literature, i.e., approximately 4%
(Burris et al. 2009).

The objective of this study was to utilize a novel media, LP9, for the development of an
efficient Agrobacterium-mediated transformation system for use in switchgrass that
produces type II callus, which has been shown to have increased efficiency in maize
when used for Agrobacterium-mediated transformation (Zhao et al. 2001). I examined
the differences of transformation using type I versus type II callus in the Agrobacteriummediated transformation of switchgrass.

3.3

Methods

3.3.1

Callus induction, maintenance and plant regeneration

Swichgrass Alamo ST1 tillers grown in the greenhouse were excised from plants at the
E2 to E4 stage (Moore et al., 1991). Inflorescences were cut 7 mm above the 5 node
(Alexandrova et al., 1996a). Pieces of inflorescence were then sterilized for 35 min in
75% commercial bleach containing 1% Tween 20. Inflorescences were subsequently
washed with sterile water three times. Ends were then removed and inflorescences were
cut longitudinally in half and placed on MSO + benzyladenine (BA) as performed
previously (Alexandrova et al., 1996a. After 10 days on MSO + BA, inflorescences were
removed from the media and placed into a sterile Petri dish, further cut into 1 cm-long
segments and placed onto LP9 (Burris at al 2009). After 1 month on LP9, callus is
picked and used from transformations.
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3.3.2

Strains and constructs

Transformation were conducted using A. tumefaciens strain EHA105 containing
pporRFP. Agrobacterium were grown in LB supplemented with 50 mg l-1 kanamycin
and 50 mg l-1 rifampicin at 28 °C for 2 d.

Binary vector construction was performed by David Mann. Briefly, the binary vector
contained a red fluorescent protein (pporRFP from the coral Porites porites) gene under
the control of the maize ubiquitin (ZmUbi1) promoter and the selectable marker gene
encoding hygromycin phosphotransferase (hph) that was under the control of the rice
actin 1 (OsAct1) promoter. The ZmUbi1 promoter from the pAHC25 plasmid
(Christensen and Quail, 1996) was PCR amplified and cloned into pCR4B-TOPO
(Invitrogen, Carlsbad, CA). The pEarleyGate 304 plasmid contains the Gateway
compatible cassette attR1-CmR-ccdB-attR2 coupled with an AcV5 epitope and the OCS
terminator (Earley et al., 2006). This cassette was PCR amplified and cloned directly
downstream of the ZmUbi1 promoter in pCR4B-TOPO. To confer resistance to
hygromycin, a cassette containing the OsAct1 promoter and hph gene was cloned
upstream of the ZmUbi1- attR1-CmR-ccdB-attR2 cassette in pCR4B-TOPO. The OsAct1hph and ZmUbi1- attR1-CmR-ccdB-attR2 cassettes were excised with SbfI and AscI and
gel purified with QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The pPZP201BK
binary backbone (Covert et al., 2001) was digested with PstI and AscI, purified with the
QIAquick PCR Purification Kit (Qiagen) and ligated with the OsAct1-hph and ZmUbi1attR1-CmR-ccdB-attR2 cassettes. The pporRFP gene (Alieva et al., 2008) was kindly
provided by Dr. Mikhail Matz and was cloned into pCR8/GW/TOPO and recombined
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into the expression vector using Gateway® LR Clonase® II enzyme mix (Invitrogen).
All amplified regions and resulting plasmids were sequence verified at the University of
Tennessee Molecular Biology Resource Facility (UT-MBRF).

3.3.3

Explant transformation and selection

Transformations were conducted using A. tumefaciens strain EHA105 containing
pporRFP. Cultures were centrifuged at 3500 x g for 30 min. The supernatant was
removed and Agrobacterium was resuspended in 25 ml of liquid LP9, 200 µM of
acetosyrinegone and 5 µl of Silwet. Agrobacterium solution was then shaken at 150 rpm
at room temperature for 30 min. Type I and type II callus pieces, 0.5 cm, were placed into
different Agrobacterium solutions of 25 ml of liquid LP9, 200 µM of acetosyringone and
5 µl of Silwet and incubated at room temperature for 30 min. Callus pieces were then coincubated on sterile filter paper for 3 d and were placed on LP9 + 60 mg l-1 hygromycin +
400 mg l-1 timetin. Callus pieces were transferred to new LP9 media + antibiotics every
two weeks until transgenic callus formed and had grown to 1 cm. Calli were then placed
on MSO + 5 µM BAP + 400 mg l-1 timetin for regeneration. Shoots were formed after 14
d and were placed onto MSO to root.

3.3.4

Analysis of transgenic events

For visual expression of pporRFP, epifluorescence microscopy using 535/30 nm
excitation 600/50 emission filter for 15 s was used. For Southern blot analysis, genomic
DNA was isolated using CTAB 2x from leaves of T0 plants and quantified using
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NanoDrop. DNA was digested with BamHI, electrophoresed on 1.2% agarose,
transferred to nylon membrane and was allowed to hybridize. The pporRFP coding
sequence was used as the probe and probes were labeled with P32. The membrane was
exposed to a phosphor screen for 5 d. The expected band size for pporRFP BamHI
fragment was expected to be approximately 7 kb.

3.4

Results

Using LP9 media, we have demonstrated transformation of type II callus for switchgrass
Alamo ST1 and ST2 (Fig. 7). Transformation of type II callus produced from this media
allowed for much higher transformation rates, up to 34%, than from the text previous
published studies, 3.4% (Somleva et al. 2008) and 4.4% (Burris et al. 2009).

Expression of pporRFP was visualized in the callus (Fig. 7) and shoots (Fig. 8) using the
4x magnification of an epiflourescence dissecting microscope. PporRFP has an
excitation maximum of 578 nm and an excitation maximum of 595 nm (Alieva et al.
2008) and gives bright fluorescence in transgenic plants (Fig. 7, 8).

In this work, I obtained 42 transformed calli, each derived from a single embryo. T0
plants were regenerated. Only 6% shoots were formed, possibly the result of excessively
high levels of hygromycin in the shoot media. Plants were grown in the greenhouse until
they reached sexual maturity. Southern blot analysis of T0 (Fig. 9) demonstrated that
there were multiple inserts within a single transgenic event. I, therefore, need to obtain
T1 plants for further analysis. T1 plants are currently being produced in the greenhouse.
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3.5

Discussion

Current switchgrass tissue culture requires months for regeneration of transformants with
relatively poor transformation efficiencies and are limited to derivatives of a single
variety, Alamo. While these systems appear reliable and reproducible, I have
demonstrated the validity of a new tissue culture system that has increased transformation
efficiency, as high as 34%, and decreased time to whole transgenic plants to go by,
approximately 3 mo.

Burris et al. (2009) obtained five independent transgenic events originating from separate
callus pieces from 113 callus clusters exposed to Agrobacterium; i.e., 4.4%
transformation efficiency. However, these 113 callus clusters were composed of a
mixture of type I and type II callus (approximately half of each), but only type II callus
yielded transgenic plants (Burris et al. 2009). When I selected for only type II callus, I
obtained a transformation efficiency of 34%, which is the highest transformation
efficiency ever reported for switchgrass. While Somleva et al. (2008) confirmed that 27
transgenic events were recovered from 794 callus clusters exposed to Agrobacterium;
only 3.4% efficiency was demonstrated.

I have demonstrated an improved tissue culture system for switchgrass transformation
that utilizes type II callus produced on LP9. Callus produced on LP9 demonstrates
increased viability and can be maintained for longer periods of time (greater than 6 mo),
enabling use in transformation without having to regenerate callus from new tillers
31

(Burris et al. 2009). Through enhanced maintenance and regeneration using this system,
a reduction of 1 mo is obtained to produce whole transgenic plants. In addition, type II
callus is easily recognized by its friable and dry appearance and lighter color, which can
be chosen without the aid of a microscope for subsequent proliferation (Burris et al.
2009).

Here I established the importance of selecting for type II callus for use in switchgrass
transformation. Our system, utilizing LP9, produces 33% type II callus (Burris et al.
2009). Through the utilization of LP9 and continued optimization of transformation
conditions, should be able to obtain even greater transformation efficiencies using LP9.

4.

Conclusions

This research focused on the production of a new tissue culture system to increase
Agrobacterium-mediated transformation of switchgrass (Panicum virgatum L.). This
system was developed for “Alamo” and featured a friable, fast-growing callus derived
from inflorescences that can be classified as type II callus using a new media, LP9. LP9
is not an MS-based tissue culture system, but rather combines N6 macroelements and B5
microelements with the auxin, 2,4-D. It does not include any cytokinin. This system is
novel to callus production and plant regeneration in switchgrass and has produced type II
switchgrass callus that is highly friable and has increased longevity compared with prior
media. With increased viability of callus, callus can be maintained for longer periods of
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time for use in transformation without having to regenerate callus from new tillers.
Further, callus produced on LP9 was more friable, easier to multiply, maintain and
transfer, and through the selection of only type II callus, provided a higher transformation
efficiency than those found in current literature.

Further research can be conducted to evaluate factors other than callus type that may
affect transformation efficiencies. By optimizing transformations using LP9, efficiencies
may be increased beyond those that have been demonstrated here.
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Figure 1. Type II versus type I callus in switchgrass. A) type II callus that is
characterized as being soft, friable rapidly growing and exceedingly regenerative callus.
B) Type I callus that is compact, very slow growing and hard to regenerate.
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1 cm

Figure 2. Non-transgenic and transgenic switchgrass. (A) Non-transgenic and (B)
switchgrass transformed with pporRFP under 3 ms white light exposure. (C) Nontransgenic and (D) switchgrass transformed with pporRFP excited with 535/30 nm light
and image collected using an emission filter of 600/50 nm exposed for 30 s.
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Figure 3. Non-transgenic and transgenic switchgrass transplanted into bark media in
pots. The dissecting micrographs were produced using the lowest power of an
epiflourescence dissecting microscope. (A) Switchgrass transformed with pporRFP and
(C) non-transgenic under 3 ms white light exposure. (B) Switchgrass transformed with
pporRFP and (D) non-transgenic excited with 535/30 nm light and emission filter 600/50
nm exposed for 15 s. (E) Non-transgenic roots of switchgrass and (G) switchgrass
transformed with pporRFP under white light and (F) non-transgenic excited and (H)
switchgrass transformed with pporRFP excited with 535/30 nm light and emissions filter
600/50 nm exposed for 15 s.
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Figure 4. Two tissue culture media were used to produce callus from Alamo 2
inflorescence. (A) Callus derived from the methods of Alexandrova et al. (1996a) and
(B) callus derived from LP9 media. Type II callus was observed on (C) LP9 and Type I
callus was observed on (D) MSO + 2,4D + BAP media (Alexandrova et al., 1996a) in
switchgrass. Alamo 2 callus grown on LP9 for (E) 1 month and (F) 6 months.
Formation of (G) Alamo 2 shoots at 2 weeks. and (H) rooted Alamo 2 shoot.
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Figure 5. Fresh weights (g) of callus grown under hygromycin selection. Six plates of
callus were grown in LP9 with each of four concentrations of hygromycin (0, 50, 60 or
70 mg l-1). Fresh weights were recorded on day 0 and day 60. Data were analyzed by
analysis of variance (ANOVA) using the general linear model (SAS 9.2, Cary, NC).
Duncan’s Multiple Range test was used to compare treatment mean values within time
points for significant differences (at the 0.05 probability level). Error bars indicate
standard error. Different letters at each time point indicates significant differences.
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Figure 6. Embryogenic culture of Alamo 2 switchgrass at 5 weeks. Scanning electron
micrograph of surface features demonstrating clusters of somatic embryos (leftmost) and
friable, Type II callus features including globular, unorganized and smooth structures.

50

A

B

1 cm

C

D

Figure 7. Non-transgenic and transgenic switchgrass callus. (A) Non-transgenic and (B)
switchgrass transformed with pporRFP under 5 ms white light exposure. (C) Nontransgenic and (D) switchgrass transformed with pporRFP excited with 535/30 nm light
and emissions filter 600/50 nm exposed for 15 s.
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Figure 8. Non-transgenic and transgenic switchgrass shoots. (A) Non-transgenic and
(C) switchgrass transformed with pporRFP under 3 ms white light exposure. (B) Nontransgenic and (D) switchgrass transformed with pporRFP excited with 535/30 nm light
and emissions filter 600/50 nm exposed for 30 s.
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Figure 9. Southern blot analysis of T0 plants. 10 µg genomic DNA was digested with
BamHI, electrophoresed on 1.2% agarose, transferred to nylon membrane and was
allowed to hybridize. The pporRFP coding sequence was used as the probe and probes
were labeled with P32. Membrane was exposd to phosphor screen for 5 d. Expected band
size for pporRFP BamHI fragment was around 7 kb.
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